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Determinants of Ventricular
SUMMARY To test the hypothesis that impaired cardiac performance in some patients with pressureoverload hypertrophy is due to inappropriately high wall stress, rather than depressed contractility, the importance of hemodynamic and geometric factors was assessed in 14 patients with isolated aortic stenosis and various degrees of left ventricular failure (ejection fraction range 0.19-0.85). There was poor correlation between either aortic valve area, peak left ventricular systolic pressure, or left ventricular mass, and measures of ventricular function. In contrast, there were close correlations between circumferential wall stress and both ejection fraction (r= 0.96) and velocity of fiber shortening (r = 0.91) in patients with aortic stenosis. Forcevelocity-shortening relationships in six normal control subjects fell on the same regression line as that defined by the patients with aortic stenosis, while force-velocity-shortening relationships of patients with primary myocardial failure clearly differed. A major determinant of wall stress was the ratio of left ventricular wall thickness to cavity radius (h/R). Patients with h/R ratios > 0.36 had higher values for ejection fraction (0.61 ± 0.06 vs 0.36 i 0.07,p < 0.05), Vcf (0.79 ± 0.10 vs 0.39 ± 0.04 sec ',p < 0.05) and stroke work index (71 ± 10 vs 45 9 g-m/m2, p < 0.005) than those with lower ratios.
The results indicate that left ventricular wall thickness and geometry are closely correlated with ventricular performance in patients with pressure-overload hypertrophy due to aortic stenosis. Poor cardiac performance in some such patients may be due to inadequate hypertrophy (or inappropriate geometry) rather than to depression of myocardial contractility.
MYOCARDIAL FUNCTION in pressure-overload hypertrophy is a controversial subject. It is generally agreed that the development of hypertrophy in response to a pressure overload is associated at least initially with wall thickening commensurate with the increased systolic pressure, tending to normalize myocardial wall stress." 2 Although this increased muscle mass may allow more normal ventricular function by maintaining output against the increased resistance, intrinsic contractile properties of the hypertrophied muscle, especially in man, are not clearly defined. While earlier studies with papillary muscles from animals with experimentally-induced ventricular hypertrophy showed a decrease in myocardial contractility,3 4 subsequent investigators have noted only a transient decrease, followed by a return to normal over several weeks.5 Similar conflicting data have been reported for intact hearts.6 ' 7 In man, the development of clinical cardiac decompensation in the course of pressure-overload hypertrophy has been attributed to a depression in contractility.8 Levine et al. 9 found that normal indices of contractility were associated with normal cardiac performance, while left ventricular failure was associated with depressed contractility indices in patients with left ventricular hypertrophy due to aortic stenosis. Other investigators have found a depression of contractility indices even in well-compensated patients.' '" These human studies8-0 have relied heavily for the assessment of contractility on the socalled isovolumic indices, but their applicability in the clinical setting is limited by practical and theoretical difficulties." Ejection phase indices (velocity of circumferential fiber shortening (Vcf) and left ventricular ejection fraction) are technically easier to obtain, but they are afterload-dependent and therefore have not been used extensively in the evaluation of hypertrophy induced by increased afterload.
Theoretically, ventricular failure and frank cardiac decompensation in pressure-overload hypertrophy might result from inadequate hypertrophy of normally functioning cardiac muscle rather than from depressed myocardial contractility. To assess this possibility, we examined the relationship between instantaneous myocardial load (assessed as midwall circumferential stress, ac) and contractile performance in patients with pressure-overload hypertrophy from aortic stenosis and various degrees of cardiac compensation. For comparison, similar analyses were also performed in patients with cardiomyopathy and myocardial failure as well as patients with normal left ventricular function. The close dependence of ejection phase indices on afterload has been used to separate those patients in whom depressed ventricular performance is simply an appropriate response to increased afterload from those with intrinsic depression of myocardial contractility. In addition, we have attempted to characterize the relationship of the amount and pattern of ventricular hypertrophy to cardiac performance in pressure-overload hypertrophy.
Methods
Twenty-six patients who underwent complete right and left heart catheterizations for diagnostic purposes formed the study population. Fourteen patients (group 1) had isolated aortic stenosis of varying severity; six (group 2) had congestive cardiomyopathy of varying etiology; the six others (group 3) had no hemodynamic or angiographic evidence of heart disease. All patients with aortic stenosis who underwent cardiac catheterization at the Peter Bent Brigham Hospital during the study (January 1976-September 1977) were included if they met the following criteria: 1) peak left ventricular-aortic systolic gradient 20 mm Hg; 2) "pure" aortic stenosis (i.e., absence of coronary artery disease, no more than trace aortic regurgitation, or other significant valvular disease); 3) high-quality left ventricular pressure recordings and left ventriculography; and 4) absence of atrial or ventricular arrhythmias at the time of the study. Seven of the patients with aortic stenosis and all six of the patients with cardiomyopathy were taking digoxin.
Eleven patients in group 1 had normal coronary arteriograms; coronary arteriography was not per-formed in the other three because of low clinical suspicion for coronary artery disease (i.e., no chest pain suggesting angina pectoris and no evidence of myocardial infarction on the ECG). Cardiac compensation was considered normal if the cardiac index was > 2.8 I/min/m', while left ventricular end-diastolic pressure and pulmonary capillary wedge pressure were both < 12 mm Hg.
Catheterization was carried out in the fasting state after premedication with diazepam (5-10 mg orally) and diphenhydramine (25-50 mg, orally). Retrograde left-heart catheterization was performed through a brachial arteriotomy using a micromanometer-tipped catheter with multiple side holes for angiography (Mikro-Tip, Millar Instruments, Houston, Texas) in 23 patients and standard fluid-filled #8 French catheters in three patients. Frequency response characteristics of the fluid-filled catheter system used in this laboratory have previously been described. '2 Left ventricular cineangiograms were made in each case in the 300 right anterior oblique (RAO) projection using a Siemens cesium iodide image intensifier, and filming at 60 frames/sec with a 35 mm Arreflex camera and Kodak CFR film. Radiographic contrast (meglumine sodium diatrizoate) was injected at a rate of 10-15 ml/sec, and a total volume of 30-50 ml was used for each ventriculogram. Left ventricular pressures were recorded at high and low gains simultaneously with (micromanometer-tipped catheter), or immediately before (fluid-filled catheter) radiographic contrast injection. Synchronization of ventricular pressure and corresponding ventricular dimensions was accomplished by simultaneously filming the electrocardiographic tracing or a QRS marker on the cineangiogram. All patients were in sinus rhythm. Patients in whom heart rate changed more than 5 beats/min or in whom extrasystoles occurred during the filming of the angiogram, and those with regional abnormalities of left ventricular wall motion or ventricular conduction defects were not included in the study.
Cardiac outputs were determined in duplicate by the Fick method. Aortic valve areas were calculated using the Gorlin formula.'3 All pressures were referenced to atmospheric pressure at the level of the midchest.
Left ventricular major (L) and minor (D) axes and volumes were computed according to the method of thicknesses measured by this method at end-diastole for 26 patients, including all patients in group 1, were compared with posterior wall thicknesses measured by echocardiography in the same patients within 3 days of catheterization. In all cases, angiographically measured wall thickness was within 2 mm of that measured by echocardiography. The slope of the calculated regression was not significantly different from unity. Because of infolding of ventricular trabeculae and the inclusion of papillary muscle mass, direct measurements of left ventricular wall thickness during ejection are liable to large errors, particularly in hypertrophied hearts.'7 18 Therefore, systolic wall thickness was calculated indirectly at 33.3-msec intervals by computer program, according to the method of Hugenholtz et al. '7 This method assumes an ellipsoidal model and constant left ventricular mass (calculated at end-diastole). It has been shown to correlate closely with direct measurements of wall thickness obtained by implantation of epicardialendocardial lead markers"9 and by fixation of the heart in diastole and systole.20 Left ventricular pressure as recorded during the angiogram was measured at 33.3msec intervals and matched with simultaneous values for wall thickness and geometry. Using these data, we could compute a, by the formula of Mirsky:21
Pb h b2
where P left ventricular pressure, h = wall thickness and a and b are the midwall semiaxes (2 + 2h D h i 2 and + T-, respectively). Stress values were plotted as a function of time, and the resulting mean systolic a, derived by planimetry of the stress-time curve during the period of mechanical systole (from the peak of the R wave on the ECG until end-systolic volume was reached). Although previous investigators have usually used fluid-filled pressure measurement systems in studies of left ventricular wall stress," 25, 26 pressure waves recorded through an optimally-damped fluidfilled system may display minor distortions when compared with pressure waves recorded simultaneously from a micromanometer tip, i.e., a delay (10-15 msec) in the initial upstroke and overshoot (5-10%) at peak systolic pressure. However, when calculating mean wall stress, these distortions tend to cancel each other outa lower wall stress early in systole balanced by a greater stress at peak systole. To estimate the magnitude of error, mean midwall stress was calculated in three patients using both the pressures recorded from the micromanometer tip and pressures simultaneously recorded from the lumen of the same catheter. Although the time course of stress development was different in the two systems, calculated mean systolic stresses were within 5% of each other in all three patients. The data from the three patients studied with fluid-filled catheters have therefore been included. Clinical and hemodynamic data for patients in groups I and 2 are summarized in table 1. The severity of aortic stenosis in patients in group 1 varied widely, with aortic valve areas ranging from 0.2 cm2 to 1.3 cm2 (mean 0.6 ± 0.1 cm2, SEM). Left ventricular systolic pressure ranged from 165-270 mm Hg (mean 203 ± 8 mm Hg) and peak systolic gradient from 20-115 mm Hg (mean 62 ± 8 mm Hg). Cardiac compensation likewise varied from essentially normal (patient 3) to severe left ventricular failure (patient 2). Mean values for left ventricular peak systolic pressure (203 ± 8 mm Hg), left ventricular end-diastolic pressure (25 ± 3 mm Hg) and pulmonary capillary wedge pressure (17 ± 3 mm Hg) were all significantly abnormal.
For the patients with congestive cardiomyopathy (group 2), mean left ventricular end-diastolic pressure, mean pulmonary capillary wedge pressure and cardiac index were all abnormal and not significantly different from group 1. Left ventricular peak systolic pressure, however, was normal in the patients with cardiomyopathy.
Angiography and Stress Analysis
Angiographic and wall stress data for these two groups, as well as the normal controls are listed in table 2. Overall ventricular function was variably depressed in patients with pressure-overload hypertrophy due to aortic stenosis (group 1). Mean left ventricular EF was 0.52 ± 0.05 vs 0.68 ± 0.03 for normals (NS). Mean midwall Vcf was 0.63 + 0.08 sec-I vs 0.85 ± 0.05 sec'I for normals (p < 0.05). Ventricular function was uniformly depressed in all patients with cardiomyopathy. EF ranged from 0.16-0.33 (mean 0.23 ± 0.02, p < 0.01 compared with both normals and group 1). Similarly, mean midwall Vcf (0.34 ± 0.04 sec-1) was significantly reduced compared with both normal (p < 0.01) and aortic stenosis patients (p < 0.05).
Impaired ventricular function in the patients with aortic stenosis could not be attributed to elevated systolic pressure alone, as there was no correlation of either left ventricular EF or Vcf with left ventricular systolic pressure (r = 0.30 and 0.26, respectively) ( fig.  1 ). Likewise, the amount of hypertrophy, by itself, correlated poorly with EF (r = 0.36) and Vcf (r= 0.28). Although aortic valve area showed a somewhat better correlation with ventricular function Values are mean i SEM. Abbreviations: AoP = aortic pressure; LVP = peak left ventricular systolic pressure; LVEDP = left ventricular end-diastolic pressure; PCW = mean pulmonary capillary wedge pressure; CI = cardiac index; AVA = aortic valve area.
(r = 0.57 for EF, r = 0.61 for Vcf), there were several patients with severe stenosis who nevertheless had normal cardiac function. Wall stress, however, was an excellent predictor of ventricular performance in patients with aortic stenosis. As illustrated in figure 2, left ventricular EF in group 1 patients was inversely correlated with mean systolic ¢-(r = 0.96). Figures 3A and 3B demonstrate the relationship between wall stress and muscle fiber shortening characteristics for all three groups. The close correlations between wall stress and the extent and velocity of fiber shortening in patients with aortic stenosis were not observed in patients with cardiomyopathy. For any given mean systolic wall stress, patients with cardiomyopathy had significantly lower values for left ventricular EF and Vcf, while values for the normal patients were comparable to those with aortic stenosis at the same stress.
The data diagrammed in figures 1-3 suggest that in patients with pressure-overload hypertrophy due to aortic stenosis, mean circumferential wall stress is a more reliable predictor of ventricular performance than systolic pressure or aortic valve area. Wall stress in turn is a function of left ventricular pressure, wall thickness and geometry. The importance of this relationship is demonstrated by considering two examples from the aortic stenosis group. Patient 8 had critical aortic stenosis, with an aortic valve area of 0.4 cm2, a left ventricular pressure of 270 mm Hg and a peak systolic gradient of 115 mm Hg; o-, was minimized, however, by wall thickening (h = 1.25 cm) and a small ventricular cavity (R = 2.5 cm). As a result, mean systolic wall stress was only modestly elevated (286 X 103 dyn/cm2) and the left ventricular EF (0.56) and Vcf (0.56 sec-1) were both near-normal, associated with a low normal cardiac index (2.7 1/min/M2) and a nearly normal capillary wedge pressure (11 mm Hg). In contrast, patient 5, with an aortic valve area of 0.3 cm2, had a left ventricular pressure of only 202 mm Hg; yet inadequate hypertrophy (h = 1.00 cm) and considerable ventricular enlargement (R = 3.05) yielded a high wall stress ( = 437 X 103 dyn/cm2) and corresponding low left ventricular EF of 0.19. The cardiac index was reduced to 1.6 I/min/M2 and the pulmonary capillary wedge pressure elevated to 24 mm Hg.
To further characterize the importance of the pattern of hypertrophy on ventricular function, the ratio of left ventricular wall thickness to internal radius (h/R) was chosen as an index of concentric vs eccentric hypertrophy.2 The patients with aortic stenosis were separated into those in whom the pattern of hypertrophy was primarily that of ventricular enlargement (h/R less than 2 standard deviations above the mean value observed in normal controls, group 3, i.e., <0.36) and those in whom the pattern was primarily that of increased wall thickness (h/R > 0.36) ( ) compared with normal. t p <0.01 t p <0.05 ) ) group 1 vs group 2. § p <0.01
Abbreviations: EDVI = end-diastolic volume index; ESVI = end-systolic voltume index; EF = ejection fraction; Vcf = mean velocity of midwall circumferential fiber shortening;F = mean midwall circumferential stress; Oed = end-diastolic midwall circumferential stress; h = end-diastolic wall thickness; R = end-diastolic internal radius; LV mass = left ventricular mass index. Relationships between ejection phase indices (ejection fraction and mean velocity of circumferential fiber shortening, Vcf) ofgroup I patients (aortic stenosis) and hemodynamic parameters commonly used to assess the severity of aortic stenosis. Poor or only fair correlation is seen in each case. L V = left ventricular. p < 0.05). The patients in this same group were able to maintain a normal cardiac index, and generated a significantly higher stroke work index (71 ± 9 vs 45 ± 9 g-m/m2, p < 0.005) even at a lower level of preload (Ced). 
Discussion
In this study, neither the severity of the aortic stenosis (quantitatively expressed as the aortic orifice area) nor the magnitude of the pressure overload (peak systolic gradient and peak left ventricular systolic pressure) correlated well with measures of ventricular performance or with overall cardiac compensation. In contrast, we found excellent correlation between circumferential wall stress and measures of ventricular performance. Since wall stress is strongly influenced by the pattern of myocardial hypertrophy (wall thickness and ventricular geometry) in addition to the pressure overload, the findings of this study suggest a critical role of wall thickness and geometry in determining left ventricular performance in pressure-overload hypertrophy. Those ventricles with thicker walls and smaller cavity size had greater velocity and extent of fiber shortening, resulting in better overall cardiac performance.
Ejection phase indices of contractility were seen to be exquisitely sensitive to afterload (au). In addition, the close correlations between wall stress and EF and Vcf ( fig. 3) suggest that in the patients with aortic stenosis, intrinsic myocardial performance (when corrected for afterload) may be similar despite the wide variations in degree of cardiac compensation. The fact that the values for normal patients fell on the same . Relationships between wall stress and muscle fiber shortening characteristics for all three patient groups. A) Ejection fractionthe line represents the best curveJfit by linear regression analysis to the data for patients with aortic stenosis (group 1). In these patients, normal values for ejection fraction are associated with normal levels of wall stress, while increasing levels of wall stress are associated with decreasing values for ejection fraction. Values for normal controls fall on or near the regression line for the aortic stenosis group. Patients with cardiomyopathy, however, have depressed ejection fractions, regardless of the level of stress. B) mean midwall velocity of circumferential fiber shortening (Vcf) the values for patients with aortic stenosis are well-approximated as an exponentialfunction of wall -stress (r = 0.91). As in A, normal patients again observe a relationship similar to those with aortic stenosis. Patients with cardiomyopathy show depressed values for Vcf for any corresponding wall stress. a, = mean midwall circumferential stress. regression lines as for those with left ventricular hypertrophy, and that patients with primary myocardial failure were significantly different, is consistent with this concept. Conclusive proof, however, requires more normal controls as well as additional data points at different levels of afterload for each patient in both the normal and aortic stenosis groups, demonstrating that the same relationships still obtained. The normal controls, when subjected to elevated levels of preload and afterload comparable to those in the aortic stenosis group, may retain relatively better ventricular function. Further studies to clarify this issue are needed.
The intrinsic contractility of hypertrophied myocardium is still controversial. Thus, while earlier studies by Spann et al.3 indicated a reduced inotropic state (as evidenced by depressed force-velocity curves) in papillary muscle preparations from the right ventricles of cats 6 weeks after pulmonary artery banding, more recent evidence5 suggests that this depression may be time-dependent, due to the sudden imposition of an increased afterload, and that after longer periods of adjustment (6-24 weeks), myocardial contractility may return to normal. Likewise in the intact heart, Spann et al. 6 found that right ventricles from cats with pulmonary artery constriction exhibited depressed length-tension relationships similar to those observed in papillary muscle preparations. Sasayama et al.,7 however, using chronic aortic constriction in the dog, found that once adequate left ventricular hypertrophy had occurred (mean 2.5 weeks), myocardial shortening and Vcf had returned to normal levels. Fewer data are available regarding myocardial performance in patients with aortic stenosis. Studies using isovolumic indices have shown depressed contractility in patients with clinical evidence of heart failure, and variable degrees of depression of contractility in patients in whom overall cardiac compensation remained normal.8 10 However, in most instances the isovolumic indices examined in these studies were determined from total (rather than developed) left ventricular pressure. In studies of myocardial mechanics in the intact heart, Grossman et al. have previously shown that such indices determined from total left ventricular pressure tend to be preload-dependent and can be substantially depressed when left ventricular end-diastolic pressure is elevated, even when contractility is normal.22 Thus, the increased left ventricular chamber stiffness in aortic stenosis,23 which causes substantial elevation of left ventricular end-diastolic pressure, may have resulted in an artifactual depression of these particular isovolumic contractility indices and an erroneous conclusion concerning the contractility of hypertrophied cardiac muscle. As has been pointed out previously,24 there is a close interrelationship between diastolic properties of the myocardium and inotropic state, and one cannot be considered independently of the other.
Other investigators have analyzed force-velocity relationships in aortic stenosis using ejection phase indices and wall stress, but the number of patients in each study has been small, and generally restricted to those with well-compensated aortic stenosis." 25 26 In the study of Gould et al.,25 a normal average peak circumferential wall stress for the 12 patients with aortic stenosis was associated with a normal average EF for the group. Others have reported similar results in small groups of patients. The present study extends these concepts to a group of patients with pressure-overload hypertrophy and a wide range of cardiac compensation. The data suggest that left ventricular failure in aortic stenosis may not be secondary to myocardial failure, but rather to excessive afterload, "afterload mismatch" in Ross' terms,27 due to inadequate wall thickness and/or inappropriate ventricular geometry. Evidence that the presence of hypertrophy per se does not necessarily result in depressed inotropic state is provided by a recent study of Sasayama et al., 28 in which dogs were subjected to chronic aortic constriction. A linear inverse relationship was found between mean wall stress (assuming a spherical model for the left ventricle) and Vcf in hypertrophied hearts. This relationship was identical to that observed in the same animal before aortic constriction and the development of left ventricular hypertrophy. The authors concluded that the hypertrophied myocardium had a normal level of inotropic state, and that the degree of cardiac compensation ("pump performance") depended on the relative afterload faced by the left ventricle. Whether alterations in myocardial structure, such as fibrosis, seen in pressure-overload hypertrophy of longer duration can lead to depressed contractility has not been determined. We used data points at only one level of afterload, as we could not justify inducing potentially harmful alterations in blood pressure in such patients with aortic stenosis and various degrees of left ventricular failure. Nevertheless, the linear correlation between wall stress and EF for the group as a whole is comparable to that observed for an individual animal in Sasayama's study, and suggests that the patients in this group have a similar inotropic level.
From this vantage point, it is perhaps not the presence of hypertrophied myocardium which leads to cardiac decompensation in patients with aortic stenosis, but rather the lack of sufficient hypertrophy in the appropriate pattern. This would result in an alteration in afterload that, by the principles of muscle mechanics, must lead to depressed ventricular performance, once augmentation of preload has been maximally used. Further experimental evidence for the importance of hypertrophy in maintaining cardiac compensation in the heart faced with pressure overload comes from the study of Zuehlke et al. 29 These workers reported that inhibition of protein synthesis (by Actinomycin D or puromycin) in rabbits subjected to aortic constriction led to the development of heart failure, while control animals maintained normal cardiac function.
Certain limitations of the present study must be emphasized. Preload could not be controlled in this study, but probably did not have a major effect on the force-velocity-shortening relationships. Although mean end-diastolic circumferential stress for the patients with aortic stenosis (80 ± 11 dyn/cm2 X 103) was significantly different from that of the normal controls (36 + 3 dyn/cm2 X 103, p < 0.05), ejection phase indices are largely independent of preload in the intact circulation.30 31 An additional problem is that receiving digoxin, as were all six of the patients with cardiomyopathy. The extent to which this positive inotropic stimulus influenced the force-velocityshortening relationship in these patients cannot be accurately determined, although calculated regression coefficients for EF vs a, and Vcf vs a, for the aortic stenosis patients who did not take digoxin were virtually identical to those who did. Finally, although we have demonstrated inverse stress-velocity and stressshortening relationships in pressure-overload hypertrophy in man similar to those shown by Sasayama and Ross in the dog,28 we have not demonstrated conclusively that the slope and intercept of these inverse relationships are identical with those for the normal human left ventricle. A problem here is that the precise slope and intercept of these relationships are not known in normal man. The data on subjects with normal left ventricular function and those with cardiomyopathic hearts ( fig. 3 ) are helpful. However, the number of normal patients is small and does not permit the estimation of an independent, "normal," regression. Possibly, some patients with longstanding, advanced pressure-overload hypertrophy do exhibit depressed contractility, but such patients may have been missed in the present study. In a preliminary report by Gorwit et al.,32 using a method similar to ours and using peak dp/dt as an independent measure of contractility, the authors found evidence for depressed myocardial contractility in four of 13 patients with aortic stenosis.
In previous studies by Hood, Rackley and Rolett' and Grossman et al.,2 peak and mean left ventricular systolic stress was normal in compensated aortic stenosis. In the present study, o-was similarly normal in patients with preserved left ventricular function (EF and Vcf in the normal range); depressed EF and Vcf (with associated substantial depression of cardiac output and increased pulmonary capillary pressures) were invariably associated with values of a, that were well above normal. If concentric hypertrophy develops in order to maintain a, normal,2 then the patients with increased a, could be exhibiting a failure of wall thickening to keep pace with the gradually increasing resistance to left ventricular ejection presented by the increasingly stenotic aortic valve.
The mechanism whereby certain patients with cardiac decompensation failed to demonstrate hypertrophy in the appropriate pattern is unclear. While none of the patients in the present study had significant coronary artery disease, myocardial ischemia may have limited the amount of hypertrophy. Ischemia, particularly of the subendocardial layers, can be produced experimentally in the presence of normal coronary arteries, by an imbalance between myocardial oxygen demand and coronary perfusion33 as would be expected to exist in patients with valvular aortic stenosis. Johnson 3) , so it must be postulated that the response to ischemia was in some way unfavorably altered in those patients who exhibited an eccentric (as opposed to a concentric) pattern of hypertrophy. The rate of progression of the valvular stenosis may also be a factor. Severe, acute pulmonary artery banding in the cat results in an acute depression of myocardiac contractility3'I and patchy myocardial necrosis and fibrosis,35 which may limit the growth of myocardium. Neither the duration nor rate of progression of aortic stenosis could be accurately determined in our patients. None were known to have had a murmur as a child, and there were no apparent differences in known duration of murmur, symptoms or electrocardiographic left ventricular hypertrophy between the two types of hypertrophy. Nor was age an important factor: Mean age for the group with the eccentric pattern (62.6 ± 5.7 years) was not significantly different from the group with concentric hypertrophy (56.7 ± 2.5 years, p > 0.05).
A third possibility is that the group with the eccentric pattern of hypertrophy may initially have had compensated aortic stenosis, but subsequently developed a primary depression of contractility, resulting in a lowered EF and Vcf. As a consequence, the left ventricle may progressively dilate (and thin), in an attempt to maintain forward stroke volume. The increase in ventricular dimensions would in itself result in larger-than-normal stress values. This, however, should tend to set up a vicious cycle, with the increased wall stress leading to further depression of myocardial shortening, further dilatation and death. Without serial catheterization, there is no way to confirm or refute this possibility in man. Several factors, however, favor the hypothesis that an elevated level of stress is the primary, rather than secondary, event in the development of diminished ventricular function. If a depression in contractility were the primary event, then the amount of dilatation and thinning of the left ventricle would be expected to be roughly proportional to the decrease in contractility. There should thus be a direct correlation between ejection phase indices and h/R. There was only fair correlation, however, between h/R and EF (r = 0.58) and Vcf (r = 0.55). Second, the extremely close correlation observed between wall stress and ejection phase indices (figs. 2 and 3) would be entirely fortuitous, which seems unlikely. Finally, the data of Sasayama et al.28 provide experimental evidence that ejection phase indices respond in a reciprocal manner to changes in wall stress, while contractility is unaltered.
We suggest that left ventricular wall thickness and geometry are critical in determining overall cardiac performance in patients with chronic pressureoverload hypertrophy. Close correlations have been found between circumferential wall stress and extent (EF) and velocity (Vcf) of myocardial fiber shortening in patients with aortic stenosis, regardless of the degree of clinical cardiac compensation. These relationships are similar to those observed in normal controls, at least at low levels of afterload, and are clearly different from those with primary myocardial failure. In conjunction with similar work previously reported with animal models, the data presented here are consistent with the concept that intrinsic contractility of hypertrophied myocardium is not necessarily depressed, and that only when the adaptive process of hypertrophy fails to keep pace with an increase in afterload does clinical decompensation result.
